Relative levels of ribosomal proteins were quantified in crude cell lysates using mass spectrometry. A method for quantifying cellular protein levels using macromolecular standards is presented that does not require complex sample separation, identification of high-responding peptides, affinity purification, or postgrowth modifications. Perturbations in ribosomal protein levels by overexpression of individual proteins correlate to known autoregulatory mechanisms and extend the network of ribosomal protein regulation.
Mass spectrometry (MS) is a powerful technique for proteomic analysis, 1 and tandem mass spectrometry (MS/MS) in particular allows for the identification of hundreds of proteins from a single sample.
2 A major challenge in any MS analysis is accurately quantifying the levels of the proteins observed in the experiment, particularly as they respond to changes in the cell. 3, 4 In response to this challenge, several techniques have been developed to measure protein levels using MS. Stable isotope labeling with amino acids in cell culture (SILAC) 5,6 quantifies relative protein levels by comparing two or more differently labeled samples. This is similar to whole cell stable isotope labeling 7 which uses uniformly labeled media rather than labeled amino acids. Another method involves the addition of labeled high-responding peptides prepared by chemical synthesis for comparison to the unlabeled peptide in the sample, [8] [9] [10] though identification of such peptides can be difficult.
11 Labeled peptides have also been incorporated into affinity purification tags for quantitation of specific proteins (ICAT) 12 and more recently for quantitation of protein interactions in macromolecular complexes. 13 Relative quantitation is realized in all of these methods by comparison of the intensities of feature pairs corresponding to unlabeled and labeled protein or peptide pairs.
Here a method in which a protein standard is added directly to crude cell lysate and the entire mixture is analyzed by liquid chromatography-coupled mass spectrometry (LC/MS) is presented. In this work, labeled standards are combined with unlabeled cell lysates, but unlabeled standards can be combined with labeled cell lysates, allowing commercially available proteins to be used as standards. The goal of this method is to provide accurate quantitation of total cellular protein levels within the simplest possible experimental framework.
This method is validated here using 15 N-labeled ribosomes to measure cellular levels of ribosomal proteins in Escherichia coli. The ribosome is a complex macromolecular machine at the heart of protein synthesis in the cell. The bacterial ribosome is composed of three strands of RNA and more than 50 proteins, and while the three-dimensional structure of the ribosome is known, 14 many questions about its assembly remain. The entire process of ribosome biogenesis is heavily regulated, 15, 16 beginning with the synthesis of the individual ribosomal components. Several ribosomal proteins are autoregulatory, affecting not only their own translation but also that of other ribosomal and nonribosomal proteins that are encoded on the same operon. These include the R, , S10, L11, spc, and str operons that are regulated by proteins S4, L10, L4, L1, S8, and S7, respectively. 17 Perturbation of individual ribosomal protein levels by overexpression should result in alterations of other protein levels, revealing features of the autoregulatory network.
Cellular levels of E. coli ribosomal proteins relative to a wildtype reference culture were examined in 20 cultures in which each of the small subunit proteins (S2-S21) was individually overexpressed. The amount of overexpression was carefully controlled by adjustment of the amount of IPTG to give an ∼5-fold level of overexpression. At this constant low level of overexpression, rapid growth is maintained, and the cells are not overwhelmed with the expressed protein. In addition, a culture containing an empty expression plasmid was analyzed as a control for the possible effects of the plasmid. Via comparison of protein levels measured in these cultures to the levels found in wild-type E. coli, the cellular response to perturbations in the levels of specific ribosomal proteins is observed.
EXPERIMENTAL SECTION
Sample Preparation. E. coli BL21(DE3) cells were grown at 37°C in M9 glucose minimal medium supplemented with trace metals and vitamins. Cells had no plasmid, carried an empty plasmid, or carried a wild-type clone of one of the ribosomal proteins S2-S21 in vector pET24b with an inducible T7 promoter (these strains were a gift from G. Culver). The medium was supplemented with 50 µg/mL kanamycin and 25 µM IPTG for constitutive overexpression of the cloned ribosomal protein, except for overexpression of S7 which required 50 µM IPTG. These IPTG levels are greatly reduced from the levels of ∼1 mM used for preparative overexpression of recombinant proteins. The range of 25-50 µM used here gives several-fold overexpression of ribosomal proteins under steady-state growth conditions. The medium was prepared with 1 g/L [
14 N]ammonium sulfate as the sole nitrogen source. Cells were grown to an OD 600 of 0.7, incubated on ice for 20 min, and harvested by centrifugation at 6000 rpm for 10 min. Cells were stored at -80°C.
Frozen cell pellets were thawed and resuspended in buffer A [20 mM Tris-HCl (pH 7.5), 100 mM NH 4 Cl, 10 mM MgCl 2 , 0.5 mM EDTA, and 6 mM -mercaptoethanol] and then lysed in a bead-beater (BioSpec Products, Inc., Bartesville, OK) using 0.1 mm zirconia/silica beads. Insoluble debris was removed by centrifugation at 6000 rpm for 10 min. An aliquot containing 2500 OD 260 units was removed and combined with a previously prepared aliquot of 15 N-labeled ribosomes containing 1250 OD 260 units. This amount of standard was empirically determined to approximately match the concentration of ribosomal proteins in the cell for optimal quantitation. Proteins were precipitated by addition of 6.1 M trichloroacetic acid (TCA) to a final concentration of 13%. Samples were incubated on ice for a minimum of 1 h. The protein precipitates were pelleted by centrifugation at 16000g for 20 min at 4°C. The supernatant was removed, and the pellets were rinsed with cold acetone and then dried in a Speed-Vac concentrator. Dry pellets were resuspended in 50 µL of 100 mM ammonium bicarbonate (pH 8.5) in 5% acetonitrile. Five microliters of 50 mM DTT was added, and the samples were incubated at 65°C for 10 min. Cysteine residues were modified by the addition of 5 µL of 100 mM iodoacetamide followed by incubation at 30°C for 30 min in the dark. Proteolytic digestion of the proteins was accomplished by the addition of 5 µL of 0.1 µg/mL (excess amounts) modified sequencing grade porcine trypsin (Promega, Co., Madison, WI) with incubation overnight at 37°C. Undigested proteins were precipitated via addition of 1 / 3 volume of 20% acetonitrile (ACN) in 2% trifluoroacetic acid and removed by centrifugation. The supernatant was loaded on a PepClean C18 spin column (Thermo Fisher Scientific Inc., Rockford, IL) to remove salts and concentrate the sample. Elutes were dried in a Speed-Vac concentrator, and peptides were redissolved in 10 µL of 5% ACN in 0.1% formic acid. An 8 µL aliquot was used for the electrospray ionization time-of-flight (ESI-TOF) analysis. 15 N-labeled ribosomes were prepared by growing E. coli MRE600 cells in 15 N-labeled M9 minimal medium, and cells were lysed as described above. Insoluble debris was removed by centrifugation at 31000g for 40 min. The supernatant was layered onto a 5 mL cushion of 1.1 M sucrose in buffer B [20 mM Tris-HCl (pH 7.5), 500 mM NH 4 Cl, 10 mM MgCl 2 , and 6 mM -mercaptoethanol], and the ribosomes were pelleted by being spun at 37200 rpm and 4°C in a Ti70.1 rotor (Beckman Coulter, Fullerton, CA) for 22 h. The supernatant was removed; the tube and the ribosome pellet were rinsed with buffer C [50 mM Tris-HCl (pH 7.8), 1 mM MgCl 2 , 100 mM NH 4 Cl, and 6 mM -mercaptoethanol], and the pellet was resuspended in buffer C. The ribosome concentration was estimated by measuring the OD 260 value using an extinction coefficient of 3.84 × 10 7 M -1 cm -1
. Ribosomes prepared using this rapid protocol typically contain slightly different amounts of 30S and 50S subunits. Aliquots were frozen and stored at -20°C.
ESI-TOF Mass Spectrometry. The samples were analyzed on an Agilent 1100 Series high-performance liquid chromatography (HPLC) instrument coupled to an Agilent ESI-TOF instrument with capillary flow electrospray (Agilent Technologies Inc., Santa Clara, CA). The samples were injected using an autosampler onto an Agilent Zorbax SB C18 150 mm × 0.5 mm HPLC column. Peptides were separated on an acetonitrile gradient in 0.1% formic acid at a flow rate of 7 µL/min. The steps of the gradient were from 5 to 15% ACN over 10 min, from 15 to 50% ACN over 70 min, and from 50 to 95% ACN over 4 min. Data were collected over the m/z range of 100-1300.
Identification of Peptide Pairs. A liquid chromatographycoupled mass spectrometry (LC/MS) data set of tryptic peptides from crude E. coli lysate contains thousands of features from the most abundant cellular proteins. Ribosomal proteins are particularly abundant in MS data from crude cell lysate because of the large number of ribosomes in the cytosol. 18, 19 Features in an LC/ MS data set arising from ribosomal proteins can be readily identified by addition of 15 N-labeled 70S ribosomes to the crude lysate, providing a convenient stoichiometric mixture of 53 labeled proteins. Peptides from nonribosomal proteins are present as single features in the LC/MS data set, while peptides from ribosomal proteins are present as feature pairs corresponding to unlabeled and 15 N-labeled versions of the same peptide. A portion of a mass spectrum containing ribosomal peptide feature pairs is shown in Figure 1a , and the entire LC/ MS data set is shown in Figure S1 of the Supporting Information. The combination of the accurate mass and the mass shift due to 15 N content has previously been used to facilitate peptide identification in LC/MS data sets, 20,21 including studies of purified ribosomal subunits. 22 This approach is successfully extended here to peptide identification in crude cell lysates.
First, a feature list was generated using the Agilent programs Mass Hunter and Mass Profiler. To generate the feature list, Mass Hunter (version 1.0.0.0, A.02.00) was used to read an Agilent .wiff file and generate a .mhd file (signal-to-noise threshold of 3 and "Peptidic isotope distribution" enabled, default parameters otherwise). Mass Profiler (version 1.0.2068.18614) was used to read the .mhd file and export a feature list using the "Export acquired included list" function (default parameters). Subsequent analysis steps were performed using in-house software. A feature corresponds to the entire isotopic envelope from a single ion and contains both a monoisotopic peak and several isotopomers. Features are defined by the m/z value of the monoisotopic peak, the charge of the ion, and the retention time on the column. This feature list was compared to a theoretical trypsin digest of all ribosomal proteins from the E. coli 70S ribosome (S2-S21 and L1-L36). The theoretical digest incorporates peptides resulting from both perfect and imperfect trypsin cleavage (up to four consecutive missed cleavages were considered) and includes both unlabeled and fully 15 N-labeled forms of the resultant peptides at charge states up to +6. Cysteine residues were all treated as modified by iodoacetamide. Possible identities were assigned to a feature when a theoretical ion's charge was identical and its mass was within 50 ppm of the feature's mass. 14 N/ 15 N pairs were extracted from the possible identities when the features to which they matched had retention times within 0.1 min of each other. When multiple identities matched the same features or when the same peptide matched multiple proteins, they were discarded. For each remaining feature pair, segments of the complete mass spectrum were extracted in widths of 0.2 min, centered about the average retention time of the two features and incorporating the entire isotopic envelope of both. The complete mass spectrum was previously converted from an Agilent .wiff file to a text file using the program Analyst QS (build 7222) and the "Data File Export" function (store profile data above 0 counts, default parameters otherwise).
Determination of Unlabeled and Labeled Amplitudes. Theoretical isotope distributions were fit to extracted spectra using the program isodist. 23 Isodist uses least-squares Fourier transform convolution (LS-FTC) to fit calculated isotope distributions to the entire isotopic envelope observed in the mass spectrum. Two distributions were fit, one unlabeled (all isotope values given by natural abundance) and one fully labeled ( 15 N fixed at 99.3%) to the experimental spectra. An example of such a fit is given in Figure 1b . The amplitudes given by isodist yield the relative amounts of unlabeled and 15 N-labeled peptide in the sample. All extracted spectra fit this way were evaluated visually for goodness of fit, and those with poorly fitting theoretical distributions were rejected. Poor fits typically arise from either noise in the mass spectrum or overlap of the isotope distributions from coeluting peptides with a similar mass-to-charge ratio. Spurious feature pairs generated from misidentification Multiple independent measurements corresponding to different peptides or different charge states of a single peptide are routinely obtained for each protein, as shown for the control culture of E. coli containing an empty expression plasmid (Figure 2a) .
The average of these observations gives the initial relative protein level for a protein, and the error is calculated as the standard deviation of the individual observations. However, the amplitude of the labeled distribution and therefore the ratio depend implicitly on the amount of standard added (see Sample Preparation). To compensate for differences in the amount of standard added between cultures, these initial protein level measurements are uniformly scaled so that an arbitrary reference protein's abundance relative to the standard is set to 1, yielding a scaled protein level [P scale (Figure 2b) ]. This is done by dividing all of the initial protein levels (P i ) by the initial protein level for the reference protein (P ref ).
The scaling provides a consistent reference frame for comparison between independent samples. Small ribosomal proteins (S2-S21) and large ribosomal proteins (L1-L36) are scaled separately because the 15 N standard contains slightly different amounts of 30S and 50S subunits. Proteins S4 and L3 were chosen as the reference proteins for the respective subunits as they are primary binding proteins with protein levels that appear to be unaffected in this work. The primary binding protein S17 was chosen as the reference protein in the case where S4 was overexpressed.
The final step is to transform the values into protein levels relative to the wild-type reference culture (P f ). This is done by dividing the scaled protein level values from each sample by the scaled protein levels from the wild-type reference culture (P scale · ref ) on a per-protein basis.
The errors are propagated from both data sets. The resulting ratio for each protein is the relative amount in the sample compared to the reference (Figure 2c ). The average relative cellular protein level in the control culture of E. coli with an empty plasmid is 1.006 ± 0.064. The final results are generally insensitive to the choice of reference protein ( Figure S2 of the Supporting Information).
Determination of Protein Level Cutoffs.
To determine the cutoff for a significant change in the final relative cellular protein level, a histogram of 1072 final protein levels for the 21 experiments was generated, excluding levels of the proteins that were overexpressed. The bulk of the distribution fits well to a Gaussian distribution centered around 1.000, with a mean of 1.025 and a standard deviation of 0.075 ( Figure S3a of the Supporting Information). Two small populations are present outside the Gaussian distribution, but fitting is essentially unaffected by these outliers as they are extremely few in number. The fitting parameters closely match the mean and standard deviation (1.006 ± 0.064) of the no plasmid control experiment. Taking a conservative cutoff value of four standard deviations from the mean yields an upper cutoff of 1.325 (for a significantly increased protein level) and a lower cutoff of 0.725 (for a significantly decreased protein level). Inspection of the distribution of measurements reveals a distinct population centered around ∼0.25 (Figure 3b of the Supporting Information). On the basis of this observation, a second cutoff of 0.375 is used to define a greatly decreased protein level.
Cases in which only a single peptide is observed in either the sample or wild-type reference cultures are reported, but noted as potentially insignificant even when the relative protein levels exceed the established cutoffs. In the reference culture, only a single measurement was recorded for L31, L34, and L36; thus, final protein levels for these three proteins are considered to be insignificant in all of the 20 sample cultures and the control.
Sucrose Gradient Ultracentrifugation. E. coli BL21(DE3) cells carrying the S4 ribosomal protein in the pET24b vector and an empty BL21 (DE3) plasmid were grown, harvested, and lysed as described above. After the removal of insoluble debris, 1 mL of the supernatants was layered onto 35 mL of a 12.9 to 51.5% (w/w) sucrose gradient in nondissociating buffer C [50 mM TrisHCl (pH 7.8), 10 mM MgCl 2 , 100 mM NH 4 Cl, and 6 mM -mercaptoethanol]. Gradients were centrifuged at 26000 rpm for 18 h in an SW32 rotor (Beckman Coulter), and UV traces were obtained at 254 nM using a Type 11 Optical Unit (Brandel, Gaithersburg, MD).
RESULTS AND DISCUSSION
Ribosomal Proteins Regulate Ribosomal Protein Expression. Significant effects on proteins levels were observed upon overexpression of a number of ribosomal proteins. Overexpression of S4 resulted in decreased levels of S2, S11, and S13 and an increased level of L28 (Figure 3a) . S4 binds to the leader sequence and the start of the S13 gene and has previously been shown to regulate all of the ribosomal protein genes in the R operon. Interestingly, it has not been shown to regulate the rpoA gene located between the genes for S4 and L17.
17 A significant decrease in the cellular levels of L17 was not recorded here, suggesting that in this experiment L17 may be decoupled from regulation by S4. Repression of L17 by S4 has been reported to be less effective than the repression of S11 and S13 by S4, 24 so it may be possible that the effect is masked by noise and experimental error. Protein S4 has not been previously reported to regulate either S2 or L28. Overexpression of S7 results in decreased levels of S2 and S12 (Figure 3b ). S7 binds between the genes for itself and S12, repressing S12 by retroregulation.
17 Like S4, S7 has not been previously reported to regulate S2.
Overexpresion of S8 resulted in decreased cellular levels for several ribosomal proteins (Figure 3c) . S3, S21, L16, L22, L25, and L34 are all present at significantly reduced levels, though only one measurement was recorded for L34 in the reference culture. S2, S5, S14, L5, L6, L15, L18, L27, L30, L33, L35, and L36 are all present at highly reduced levels (<0.375), though only one measurement was recorded for L36. S8 binds to the spc operon in the region between the L24 and L5 genes, repressing translation of all genes downstream of this site. 17 This includes the genes for the bulk of the proteins present at highly reduced levels in the experiment. While L14 and L24 have been shown to be retroregulated by S8, the effect is brief 25 and thus unlikely to be observed in this work where proteins are overexpressed at steady state during the entire growth period. Direct regulation of L36 by S8 has not been previously reported, and our results are inconclusive because of the identification of only one L36 peptide in the S8 overexpression experiment. Regulation of proteins not on the spc operon (S2, S3, S21, L16, L22, L25, L27, L33, L34, L35, and L36) by S8 has not been previously observed, nor has the increased level of protein S13 seen here. Overexpression of S19 leads to decreased levels of S2 and S3 and increased levels of L22 (Figure 3d ). S19 has not previously been reported to regulate expression of ribosomal proteins.
A Regulatory Cascade in the Cell and Disruption of Ribosome Assembly. The results from the overexpression experiments are summarized in Figure 4 on a map of the ribosomal operons. Previously known autoregulatory pathways are observed here, including regulation of the R, str, and spc operons by proteins S4, S7, and S8, respectively. Re-creating these known pathways is a powerful validation of the simple method presented here. Interestingly, there are also several effects that were not previously observed. Among these are the decreased level of S2 as a result of overexpression of S4, S7, S8, or S19, as well as the decreased levels of S3 and S21 as a result of overexpression of S8. Notably, each of these proteins is a tertiary binding protein in the 30S subunit. 26 Overexpression of S8 also results in several newly observed effects on large subunit proteins (L16, L22, L25, L27, L33, and L35), and of these, only L22 is not a tertiary binding protein. 27 The fact that so many tertiary binding proteins are affected outside the known regulatory pathways suggests that many of the novel effects observed may result from a regulatory cascade that includes the disruption of ribosome assembly and the accumulation of partially formed ribosomal subunits lacking late-binding ribosomal proteins. When primary or secondary binding proteins are downregulated, they will be unavailable to assembling subunits, hampering binding of subsequent proteins and resulting in incomplete subunits. Even if the presence of a protein is not a thermodynamic requirement for the binding of subsequent proteins, its absence may still slow the assembly process and result in the accumulation of partially formed ribosomal subunits that will naturally be lacking the latest binding proteins such as S2 and S3. Interfering with assembly in this way should result in slower growth rates, and doubling times for the S4, S7, and S8 overexpression cultures were on the order of 1.5 times as long as the same strains grown without induction by IPTG (data not shown).
Indeed, the large changes in protein levels observed cannot be attributed to variations in the size of the free protein pool alone. Cellular levels of ribosomal proteins as measured here include the pool of free ribosomal proteins, any proteins present in ribosomal assembly intermediates, and proteins present in fully assembled ribosomes. The pool of free proteins is small, on the order of a few percent of the total number of ribosomes, 28 and ribosomes assemble quickly in vivo; 29 hence, in rapidly growing wild-type E. coli, the large majority of ribosomal proteins are part of fully assembled ribosomes. Reducing the free pool alone would account for only a change of a few percent, and many of the changes observed here are much larger than that. In particular, overexpression of S8 leads to greatly reduced protein levels for several proteins, as low as 25% relative to that of the wild type. Since some proteins are still present at normal levels, there must be a significant population of partially assembled ribosomal subunits missing those proteins that are present at reduced levels.
A sucrose gradient of cell lysates from an S4 overexpression experiment shows that the population of complete 70S ribosomes is depleted relative to that of the wild type and shows an accumulation of what appear to be 30S and 50S subunits, along with two small peaks, one sedimenting before each of the two subunits ( Figure 5) . While it is possible that the accumulated subunits are complete and that their association into 70S ribosomes is being prevented, the protein levels suggest that they are depleted in proteins S2, S11, and S13, each of which is present at a lower level when S4 is overexpressed.
Though it seems clear that subunit assembly is being affected, that alone is not enough to explain the low levels of tertiary proteins observed. If S2 or other tertiary proteins were being translated at a constant rate, failing to assemble into complete subunits would result in an accumulation of these proteins in the cytoplasm, but no depletion in their overall protein levels. The pool of free ribosomal proteins would simply increase by the same amount that the pool of proteins incorporated into ribosomes decreased. Therefore, some additional regulatory mechanism must be being triggered to counteract the buildup of the free pool of these proteins. In the case of S2, it serves to regulate its own expression, 30 thereby downregulating its own synthesis as assembly slows to maintain a relatively constant free protein level but, as shown in the S4, S7, S8, and S19 overexpression experiments, a significantly reduced protein level overall. The gene for S21 is part of the macromolecular synthesis operon, 31 and while autoregulation by S21 has not been shown, it is likely a component of the highly complex regulation of this operon, which is known to regulate each gene individually. More unusual is the reduced protein level of S3, whose gene is part of the S10 operon regulated by protein L4. Since the L4 levels remain constant in all of the experiments and since not all of the genes on the S10 operon have similarly low levels, a different mechanism must account for the low levels of S3 observed when S8 and S19 are overexpressed or the low levels of other tertiary proteins are observed. Perhaps some of the numerous ribosome assembly factors are involved in recruiting proteins to a subunit in the process of assembly and, upon recognizing the inability of the protein to bind to the assembling ribosome, target the protein for degradation. Regardless of the specific mechanism, overexpression of certain ribosomal proteins initiates a regulatory cascade with a wide range of effects. Overexpression of a single ribosomal protein leads to specific repression of other ribosomal proteins, which in turn leads to problems with ribosome assembly, the accumulation of free ribosomal proteins in the cytoplasm, and the subsequent downregulation or degradation of these proteins. Furthermore, the disparate protein levels indicate regulation occurs with more finegrained control than simple repression of entire operons.
Regulation of L22. One notable effect not previously observed is the reduced level of L22 present when S19 is overexpressed. The gene for L22 is immediately downstream of the gene for S19 on the S10 operon, and it is not a tertiary binding protein, making a direct genetic regulatory mechanism more plausible. However, decreased levels of L22 are also observed upon overexpression of S8, and its downregulation by more than one protein suggests that a regulatory cascade through a common effect such as interruption of subunit assembly may again be involved. The incorporation of L22 into assembling ribosomes may simply be more dependent on other proteins than is currently understood, acting in this case in a manner similar to that of tertiary binding proteins. Interestingly, S19 appears to adversely affect ribosome assembly and cause low levels of S2, S3, and L22 merely by increasing its own numbers, rather than depleting the available pool of another protein by autoregulation. Perhaps the excess of S19 results in nonspecific binding to the assembling subunits, interfering with the native assembly process. It is equally possible that this hypothesis accounts, at least in part, for some of the effects observed for the other overexpressed proteins. Since S8 overexpression also affects L22, it could be that the L22 binding pocket is prone to nonspecific protein interactions.
CONCLUSIONS
The method presented here is a simple, powerful, and general method for quantifying cellular protein levels. It does not require complex sample separation or the identification and synthesis of high-responding peptides and is limited only by the ability to isolate sufficient quantities of standard molecules. While this work involves preparation of labeled standards, it is possible to use unlabeled standards when combined with cells growing in fully labeled medium, opening the door to experiments that measure cellular levels of components of commercially available complexes such as RNA polymerase. Unlike SILAC, there is no specific requirement for growth medium when a labeled standard is used, allowing experiments to be performed under a wide variety of growth conditions. Although this work focuses on relative protein levels between control and ribosomal protein overexpression strains, absolute quantitation is also possible provided that the amount of standard added can be accurately quantitated. The method was successfully applied in measuring ribosomal protein levels in response to overexpression of individual ribosomal proteins, noting previously observed regulatory effects 17,25 as well as unexpected decreases in the level of tertiary binding proteins in several experiments. This approach, in conjunction with genetic manipulation of bacteria, should provide a powerful tool for analyzing complex networks involved in cell physiology.
